Background: Postprandial lipemia is markedly modulated when carbohydrates are added to a fatty meal. The effect of added protein is less known, however, and the data are controversial. Objective: We investigated the effects of casein added to various fat-rich meals in the absence and presence of oligosaccharides. Design: Four different test meals were given to 24 healthy volunteers: 1) fat alone, consisting of 3 g cream/kg body wt; 2) fat plus 75 g oligosaccharides; 3) fat plus 50 g sodium caseinate; and 4) a combination of all 3 components. Blood samples were taken before the meals and 1, 2, 3, 4, 5, 6, 7, and 8 h thereafter. The variables measured were serum free fatty acids, arginine, glucose, insulin, and C-peptide as well as triacylglycerol in serum, in chylomicrons, and in VLDL. Gastric emptying was monitored with the use of a 13 C breath test. Results:Addition of oligosaccharides resulted in the known delay and reduction in postprandial lipemia. Casein caused additional effects: chylomicrons were further reduced and delayed, independently of gastric emptying. C-peptide and insulin, as expressed by their areas under the curves, were raised not only during the early response to the glucose load but also in the postabsorptive state. Concentrations of free fatty acids, which were markedly suppressed by 24% after oligosaccharides alone, were lowered a further 20% after the addition of casein. Conclusions:Casein added to a fatty meal lowers free fatty acids markedly in the postprandial and postabsorption phases, probably via its insulinotropic activity. Postprandial lipemia is also moderately reduced.
INTRODUCTION
Single meals usually contain all 3 macronutrients: fat, carbohydrate, and protein. The digestion and metabolism of these 3 main constituents are known to interact directly, eg, during the absorption stage, and indirectly, eg, via the activation of enzymes or the secretion of hormones. Fat metabolism has been studied repeatedly after the consumption both of fat alone and of fat combined with carbohydrates. It has been shown by others (1) (2) (3) and by ourselves (4) that carbohydrates added to a fatty meal cause pronounced alterations in gastric emptying and in lipoprotein metabolism. Postprandial lipemia is both delayed and reduced. The lowering of the postprandial lipemia is most probably caused by insulin acting via several mechanisms. One mechanism concerns the release of free fatty acids (FFAs) from adipose tissue, which is markedly suppressed by insulin through its inhibitory activity on the intracellular hormone-sensitive lipase. Because the rate of hepatic VLDL production is strongly dependent on the FFA supply (5), hepatic triacylglycerol synthesis and VLDL secretion are consequently slowed down (6 -8) . Finally, insulin might stimulate lipoprotein lipase (9) , resulting in an accelerated clearance of triacylglycerol-rich lipoproteins (10) .
Much less work has been done on the interactions caused by the protein component in a meal. The results are conflicting, in that either an increase in postprandial lipemia or no effect at all is reported (11, 12) . However, it could be postulated that proteins such as casein interact with lipid metabolism as a result of their insulinotropic effects (13, 14) . We therefore aimed to investigate the effect of casein added to various fat-rich meals to see whether effects could be observed in the presence or absence of oligosaccharides in the meal. Furthermore, both the postprandial phase and the postabsorption phase were studied for up to 8 h after the meal.
SUBJECTS AND METHODS

Subjects
Twenty-four healthy students (12 males, 12 females) took part in the study. Inclusion criteria were as follows: normal weight (body mass index, in kg/m 2 , 18.5 but 25.0); nonsmoking; normal alcohol habits; no history of obesity, diabetes, or liver and kidney diseases; normal blood pressure; and no regular use of medications ( Table 1) . The subjects were instructed to refrain from any unusual changes in their habits concerning physical activity and nutritional behavior 4 wk before and throughout the study. Their habitual dietary intake was recorded by self-report; average energy intakes from carbohydrates, fat, and protein were 49.2%, 37.4%, and 13.2% of energy, respectively.
Design
Each individual was studied 4 times, with intervals of ͧ1 wk between the 4 oral fat loads. The liquid test meals consisted of 30% whipping cream, 3 mL (1 g fat) being given per kg body weight. The cream (per 100 mL) contained 30 g fat (18.2 g saturated and 9.04 g monounsaturated fatty acids), 3.5 g carbohydrates, and 2.5 g protein. The cream was mixed, in randomized order, with 300 mL water containing or not containing 75 g of a monosaccharide-oligosaccharide mixture (Dextro O.G-T; Hoffmann-La Roche AG, Grenzach-Wyhlen, Germany). The protein-rich meal consisted of 30% whipping cream and 50 g sodium caseinate (Numico Research, Wageningen, Netherlands; Table 2 ) dissolved in water, with or without the oligosaccharide mixture. The meals were drunk within 15 min between 0730 and 0800. All of the test meals were well tolerated, and no gastrointestinal symptoms were reported. An ethics committee approved the protocol, and all subjects gave their written informed consent.
The first blood sample was withdrawn after a fasting period of 12 h. Further blood samples were then taken immediately before and 1, 2, 3, 4, 5, 6, 7, and 8 h after the oral fat tolerance test. No other source of energy was provided, but water was allowed ad libitum. The participants did not engage in any physical activity during the test and had avoided exercising during the 24 h before the tests. Venous blood samples were collected under standardized conditions, and serum was separated from the blood cells by centrifugation for 10 min at 3000 ҂ g. Analyses of the lipoproteins and the metabolic variables were carried out within 24 h.
Determination of lipids and conventional lipoproteins
The separation of chylomicrons by ultracentrifugation and reproducibility issues are described in detail elsewhere (15) . To isolate chylomicrons, 1 mL plasma was layered under 2 mL saline (9 g NaCl/L, d ҃ 1.006 g/mL) and ultracentrifuged in polycarbonate tubes (Beckman Instruments, Krefeld, Germany) at 20 000 rpm in a 50.3 Ti rotor for 20 min at 10°C. Chylomicrons were carefully isolated from the supernatant fluid. To determine triacylglycerol in VLDL, the serum was ultracentrifuged for 18 h under the same conditions, and the supernatant fluid containing VLDL plus chylomicrons was aspirated off. The triacylglycerol in VLDL was calculated by subtracting chylomicron triacylglycerol from total triacylglycerol in this fraction. All values were corrected for different yields by weighing the tubes before ultracentrifugation and after removal of the supernatant fluid.
Triacylglycerol concentrations were measured by use of commercial enzymatic methods in a random-access analyzer (Hitachi 911; Roche Diagnostics, Mannheim, Germany). All reagents and calibrators were from Roche Diagnostics. Plasma glucose was measured by use of a commercial enzymatic method (GOD; Roche Diagnostics), insulin by a commercial radioimmunoassay (BI-Insulin IRMA; BIO-RAD, Munich, Germany), and FFAs by a commercial enzymatic colorimetric method (Wako Chemicals GmbH, Neuss, Germany). C-peptide was analyzed by use of the Immulite system (DPC Diagnostic Products Corporation, Los Angeles, distributed in Germany by DPC Biermann GmbH, Bad Nauheim, Germany), which is a fully automatic random-access chemiluminescence-enhanced enzyme immunoassay system (16) . Arginine was measured by HPLC.
Gastric emptying
All gastric emptying tests were done in combination with the test meals, 150 mg [ 13 C]sodium acetate being dissolved in the fatty meal (17) . Breath samples were collected before and then every 15 min for 240 min after the test meal and were analyzed for isotopic enrichment by using an isotope ratio mass spectrometer with an online gas-chromatographic purification system. The half-time of gastric emptying was calculated after curve fitting of the 13 C exhalation to a modified power exponential function.
Statistics
Data are presented as means Ȁ SEMs. The gastric emptying data are presented as medians and 25th and 75th percentiles. To evaluate the overall response of total triacylglycerol, triacylglycerol in VLDL, triacylglycerol in chylomicrons, FFAs, glucose, insulin, and C-peptide during the 8-h postprandial period, the areas under the postprandial curve (AUCs) were calculated by the trapezoid rule. Statistical analysis of the data was performed by using a two-factor repeated-measures analysis of variance. Differences between the test meals were tested for significance by using Tukey's post hoc test. Differences in the gastric emptying between the different test meals were checked for significance by use of Wilcoxon's signed-rank test with Bonferroni correction. SPSS for WINDOWS (version 7.5; SPSS Inc, Chicago) was used for the analyses. Significance was set at P 0.05.
RESULTS
Gastric emptying
The effects on gastric emptying of the addition of oligosaccharides or casein to fat, separately or in combination, are shown in Figure 1 . The half-time of gastric emptying after fat alone was 127 min and was substantially prolonged to 193 min after the addition of oligosaccharides (P 0.01). When casein was added to fat alone or in combination with oligosaccharides, no further significant effect was detectable by use of the 13 C breath test.
Postprandial lipemia
The kinetics of total serum triacylglycerol after the ingestion of the 4 different meals is shown in Figure 2A . Compared with fat alone, oligosaccharides exerted 2 pronounced effects: they delayed the triacylglycerol peak from 3 to 5 h and lowered the triacylglycerol concentrations, particularly at early time points. Casein had a similar but considerably weaker action; the triacylglycerol peak was delayed by Ȃ1 h.
The triacylglycerol concentrations in chylomicrons and in VLDL are shown in Figure 2 , B and C. As in serum, a delay and a reduction were observed for each density fraction. A strong effect was exerted by oligosaccharides, a somewhat weaker one by casein, and the greatest by the combination of the 2. The reductions were more pronounced in chylomicrons than in VLDL, in which delay was the predominant effect.
The AUCs are shown in Table 3 . When fat alone was compared with fat plus oligosaccharides, the reductions in triacylglycerol AUCs in serum, chylomicrons, and VLDL were 10%, 21%, and 6%, respectively. The effects of casein on the triacylglycerol AUCs were significant only when casein was added together with oligosaccharides. This additional lowering caused by casein was 8%, 17%, and 6% for triacylglycerol in serum, chylomicrons, and VLDL, respectively.
Carbohydrate metabolism
As was to be expected, fat alone did not significantly alter concentrations of C-peptide, insulin, or glucose (Figure 3) . When oligosaccharides and oligosaccharides plus casein were added, however, these variables were affected in 2 phases: in an early phase up to 3 h, which was dominated by glucose regulation, and in a second phase, between 4 and 8 h, when the specific effect of casein was observed. In the early phase, C-peptide and insulin increased sharply and glucose returned to baseline.
In the second phase, concentrations of C-peptide and insulin were elevated by between 30% and 92% after the caseincontaining meals. These delayed elevations were independent of the prior addition of oligosaccharides.
Free fatty acids
Although FFAs are known to be closely linked with the metabolism of triacylglycerol and carbohydrates, their postprandial kinetics do not quite run in parallel with those of the abovementioned variables (Figure 4) . After fat alone, there was an early increase up to 3 h, similar to the increase in triacylglycerol but with a subsequent plateau. When oligosaccharides were added to the fat drink, there was a pronounced suppression of the FFAs for 3 h, after which there was an increase similar to that after fat alone but delayed by 3 h. Casein added to fat alone caused significant reductions in FFAs at almost all time points, which resulted in a curve parallel to that given by fat alone but with the concentrations being lower by 13-36%. When both oligosaccharides and casein were added to the fat, the effects on FFA were additive. Compared with fat alone, the suppression reached maximum values of 18 -72% at time points of 0.5-6 h.
The AUCs of C-peptide, insulin, and FFAs reflect these changes ( Table 3 ). Note that the casein-induced changes in C-peptide and insulin, expressed as percentages, were more pronounced during the postabsorption phase (4 -8 h) than during the early phase (0 and 3 h), particularly when casein had been given together with oligosaccharides. Because the FFA AUC was markedly lowered by oligosaccharides and by casein, there was a pronounced lowering by combination of the 2, by 46% compared with the AUC of FFAs after fat alone.
DISCUSSION
The effects of additions of oligosaccharides to a fatty meal have been investigated repeatedly (2-4). The effect of protein added to fat has been studied much less and with conflicting results. Sullivan (11) studied 6 subjects over 3 h and reported that casein caused an increase in postprandial lipemia. Cohen (12) added sodium caseinate to fat and did not observe any change in postprandial lipemia over a period of 7 h. Neither investigator studied the effect of casein plus oligosaccharides on postprandial lipemia and, consequently, neither looked at the variables of carbohydrate metabolism. Our study considered for the first time the interaction of all 3 nutritional components. We found that casein 1) moderately reduces and delays the postprandial lipemia and 2) markedly lowers postprandial and postabsorptive concentrations of FFAs. We postulate that the insulinotropic action of casein is responsible for both of these effects.
Casein was shown to be insulinotropic as early as in 1966 (18) and has since been studied on a cellular level and on a wholebody level in vivo in humans. Sener and Malaisse (19) observed that the addition of leucine to the incubation medium stimulates insulin release by pancreatic ␤ cells in vitro. Leucine activates glutamate dehydrogenase activity. This subsequently leads to an increase in tricarboxylic acid cycle activity and is attended by increased insulin production. By using infusions, it was shown in humans that several amino acids lead to significant increases in plasma insulin. Floyd et al (20, 21) investigated different combinations of amino acids and found that the combined administration of arginine-leucine and arginine-phenylalanine with glucose results in the largest increase in plasma insulin concentrations. This synergistic effect of the combined intake of carbohydrate and protein on plasma insulin concentrations was later confirmed in both healthy subjects (22) and those with type 2 diabetes (23) (24) (25) . This effect was considerably less pronounced in nondiabetic persons (26) . Van Loon et al (27) (28) (29) performed a series of studies in healthy young subjects in whom he determined the in vivo insulinotropic potential of various proteins, hydrolysates, and free amino acids in combination with carbohydrates. He found the highest insulin secretion after a mixture containing wheat protein hydrolysate, free leucine, and phenylalanine. In contrast, arginine, in an amount likely to be ingested in a high-protein meal, does not stimulate insulin secretion (30) . Note that the above studies focused only on 2-3 h after the oligosaccharides intake. Our data, also obtained in nondiabetic subjects, show an increase in the insulin AUC by 29% up to 3 h; insulin secretion, however, did not affect glucose when casein was added to the fat alone. This casein-induced rise in insulin also occurred when oligosaccharides were given in addition, leading to a lowering of the peak glucose concentration by 10% after 60 min (P 0.05). Thus, our data confirm early insulinotropic action of casein in nondiabetic persons.
In contrast with the above-mentioned studies, the present study investigated the postabsorption phase up to 8 h. During this second phase, concentrations of C-peptide and insulin are elevated almost during the entire period from 4 to 8 h and decline only slowly. The reason for these late elevations is probably again the release of insulinotropic amino acids from casein. The kinetics of arginine as a representative amino acid are shown in Figure 3 . Interestingly enough, the variable reacting most sensitively to this late and continuous insulin elevation was not glucose but FFAs. Although glucose concentrations do not react at all with the administration of casein, the FFA AUCs were reduced by 20% and 24% when casein was added to fat alone and to fat plus oligosaccharides, respectively. The observation that FFAs are more sensitive to insulin variations than is glucose is in line with a clamp study by Boden et al (31) that showed a dosedependent lowering of FFAs by insulin before glucose was affected. This lowering of FFAs may bring about certain beneficial consequences. Because FFAs fuel hepatic triacylglycerol production, a lowering of VLDL may be a long-term consequence when fat-rich meals are regularly combined with arginine-rich proteins such as casein. This assumption is in line with an observation by Hurson et al (32) , who supplemented 17 g arginine/d isocalorically to humans for 14 d and reported a significant 18% lowering of the serum triacylglycerol. Further advantages of reductions in FFAs might relate to a decrease in the LDL transfer into endothelial cells (33) , improvements of the antioxidative protection of endothelial cells (34, 35) , and inhibition of platelet aggregation (36) .
Regarding the delay and reduction of postprandial lipemia after the addition of oligosaccharides to a fatty meal, another mechanism is in operation besides the increase in insulin. The pronounced delays of chylomicrons and VLDL are caused by the well-known effects of glucose and insulin on gastric emptying (37, 38) . When casein was added, there was a further delay without an accompanying delay in the 13 C breath test. We speculate that this additional postponement may have been caused by gastric precipitation of casein (39, 40) slowing down the subsequent fat absorption in the intestine. In addition to these delays, there were also reductions, mainly in chylomicrons. The chylomicron reduction may be secondary to the increased insulin concentrations, because insulin activates lipoprotein lipase (41, 42) , which might degrade chylomicron triacylglycerol more rapidly.
In conclusion, casein added to an oligosaccharide-containing fatty meal reduces the chylomicron response. Casein also markedly suppresses FFAs in the presence and absence of oligosaccharides in the fatty meal. The FFA suppression occurring in both the postprandial and postabsorption phases may be beneficial.
